to retain the molecules in the desired spatial relationship to one another, so as to maintain the structural identity ofthe collagen fibres, can easily be broken if the tissue is heated or if specific hydrogen bond-breaking reagents are added to suspensions of the tissue. As the tissue ages the amount of soluble collagen present in a sample of connective tissue decreases, and more drastic means have to be used to take the tissue into solution. Fractionation of these soluble proteins reveals an accumulation of higher molecular weight species in which pairs or larger numbers of individual protein chains are joined together by stable cross linkages. The insoluble residue remaining after removal of this soluble fraction also becomes more heavily cross-linked, as can be seen by an examination of the susceptibility of the residue to attack by collagenase. These changes result in marked alterations in the physical properties of the fibres and finally in a modification of the properties and function of the tissues and organs of which these fibres form a part.
The ageing of collagen does not, however, appear to end at this stage, with a greater degree of stability engendered by larger numbers of cross linkages. As age progresses many connective tissues, especially the dermis and the walls of the larger blood vessels, appear to contain increasing amounts of a protein having many of the properties of elastin; it is in fact segregated along with elastin in many of the procedures aimed at the purification of that protein. This component, pseudoelastin, however, has an amino acid analysis, and an appearance in the electron microscope which indicates that it is derived from partial degradation products of collagen. It is usually assumed that the enzymic degradation of intact collagen, such as may occur during the involution of scar tissue in a healing wound, or in the post-partum uterus, will be carried to completion with the ultimate appearance of hydroxyproline in the urine. If, however, there are present in the molecule a sufficient number of cross linkages to hold the collagen molecule out of solution, even though a proportion of the main protein chains are disrupted through proteolytic action, the molecule may collapse on to itself, with the production of the amorphous pseudoelastin structure.
Changes of this type can be enhanced by factors which are not directly associated with the ageing process, such as exposure to ultraviolet light in the case of the dermis, thus rendering it very difficult to distinguish between ageing and pathology, but it would appear that ageing, as exemplified by the collagenous component of connective tissue at least, is a biphasic phenomenon, with opposed stabilizing and disruptive factors playing their separate roles. Theories ofAgeing: Cellular Aspects In this paper I shall touch on a few of the theories of cellular ageing (for reviews see Franks 1970 , Bakerman 1969 . There is no firm evidence to give absolute support to any; the problems are vast and the facts are few. There are fashions in science as in other fields of human activity; research on ageing is no exception, so that if I seem to emphasize one theory rather than another it is only because it is currently in fashion.
The ultimate expression of ageing is death, but death of an individual is almost invariably the result of changes which may be trivial in themselves. The commonest cause of death in wild animals is dental disease, as it is in the colony of ageing mice in my department. Death of an individual for reasons other than starvation is almost invariably due to mechanical disturbances in the cardiovascular or nervous systems and the precise event of death is a result ofrandom factors, i.e. accident or disease affecting a particular vital area. There appear to be no specific diseases of old age but there may be an increased susceptibility which may be the result of specific cellular age changes in some tissues.
Although the cells in an individual are all the same chronological age, in the sense that they are all derived from one fertilized ovum which began to grow at one particular moment, their physiological ages are quite different. Cells in different organs age at different rates, at different times and in different ways. Epithelial cells in the intestinal villi divide very frequently throughout life and have a life span of about two days. Cells in the secondary sex organs enter a phase of mitotic activity only at puberty. Ganglion cells in the central nervous system may not divide at all in postnatal life. Are the intestinal cells to be considered young because they have a short life span and ganglion cells old? One can argue that the reverse is true. If age changes affect the stem cells and can only be expressed in their progeny, true age changes may be more easily demonstrated in the apparently younger cells. A further complication is that at the molecular level there is a turnover of different cellular components, the rate of which varies from minutes to years. The age of the cell in terms of its molecular components is not the same as that of the cell as a whole.
These philosophical problems underline a practical problem which may partly explain our relative lack of knowledge. Most studies on cellular ageing in metazoa are hampered by technical problems which limit the choice of species and of tissues which can be examined by any given technique. A consequence of this limitation is that conclusions which are drawn from experiments using one particular system may not be of general applicability. Another practical problem arises from the very nature of organized tissues. Each organ is made up of several different cell types in addition to supporting tissues, such as collagen bone, blood vessels and nerves, all bathed in tissue fluids. The problems of experimental analysis are only too obvious.
The questions we ask are straightforward. What changes take place in the cells as they age and eventually die, and what initiates these changes? Broadly speaking there are two main hypotheses. One implicates the cell itself; the other suggests that ageing affects the proper organization of cells (cellular interaction) and implies a failure of communication between cells, or between cells and their extracellular environment. These two hypotheses are not mutually exclusive since a primary cellular change may express itself as a failure in communication. Similarly the converse may be true, i.e. a failure in communication may lead to a secondary cellular failure.
Dr Hall (see above, p 671) has discussed changes in the supporting tissues. I shall confine my discussion to the two aspects I have mentioned. The theories suggested to explain primary age changes in the cells are all very loosely described under such headings as 'wear and tear', accumulation of waste products and somatic mutation. This last group is better described as genetic instability. I should perhaps mention here that there is an attractive theory which says that ageing is a consequence of differentiation. This suggests that all cells have a built-in programmed life span which varies with the life span of the species, but which may be modified within rather closely defined limits, by extrinsic factors. The range of variation found in any biological system is sufficient to explain the observed variation in rates of ageing and death. Secondly, changes in cells are ascribed to hormonal failure, to defects in calcium metabolism and so on, or to an autoimmune response. Possible explanations for a failure in cellular interaction are couched in even more vague terms such as 'a failure in feed-back systems'. Although there is some evidence to support each of these theories none of it is sufficiently well defined to make one even marginally more likely than another. It is also possible that ageing does not have a single cause.
Molecular Basis ofCellular Ageing
All the theories I have mentioned can be explained in molecular termsand almost as vaguely. Anderson (1960) has listed some of the various possibilities.
(1) Self incompatibility in the genetic code, i.e. a programme of cellular events which exclude or interfere with each other: (a) overdifferentiation with loss of certain 'vital' functions; (b) suicide genes which lead to positive destruction of nonreproductive cells.
(2) Template failure, i.e. failure due to the chemistry of code-bearing template: (a) chemical alterations in the master template (DNA), due to radiation damage, chemical damage, or failure of hypothetical mechanism for intercomparing strands of DNA and eliminating damaged sections; (b) damage to secondary templates,such as RNA.
(3) Failure of template products which are only produced intermittently, i.e. the rate of failure of the product exceeds rate of production, leading to a deleterious deficit: (a) enzymes, which may themselves fail or synthesize injurious substances; (b) structural macromolecules.
(4) Accumulation of undesirable substances in the cell: (a) macromolecules altered sufficiently to escape turnover and the replacement mechanism; (b) formation or accumulation of substances whose surface configurations are complementary with surfaces normally present in the cell, resulting in the formation of deleterious complexes or structures; (c) accumulation of nonmacromolecular precipitates. Medvedev (1966) and von Hahn (1971) have discussed possible mechanisms in more detail. I should only like to point out two aspects which are of interest to me. One is that by the time differentiated cells reach the adult phase a large part of the genome is 'switched off', so that any induced changes are more likely to affect only the active or eu-chromatin. The other is Orgel's 'error theory'. Orgel (1963) points out that the ability of a cell to produce functional protein depends not only on a correct template but also on an effective protein-synthetic mechanism. A loss of specificity in transcription (RNA polymerase complex) would lead to the accumulation of 'error' proteins which would eventually lead to interference with a vital area in the cell. This may be a metabolic pathway or it may involve other areas in the cell such as the cell coat-surface enzyme complex. Since this forms a selective barrier between the cell and its environment, changes in one component may profoundly affect cell behaviour.
